Abstract
Introduction
Neuropsychiatric symptoms in the Alzheimer's disease (AD) spectrum are multidimensional and highly prevalent across the continuum of amnestic mild cognitive impairment (MCI) and AD dementia. These symptoms are also of interest as potential manifestations of underlying disease at the earliest stages of AD prior to a diagnosis Data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (www.loni.ucla.edu\ADNI). The authors are site investigators and research staff for the ADNI at Brigham and Women's Hospital and Massachusetts General Hospital. The other site investigators within the ADNI contributed to the design and implementation of the ADNI and/or provided data but did not participate in the analysis or writing of this report. A complete list of ADNI investigators is available at www.loni.ucla.edu\ADNI\Collaboration\ADNI_ Authorship_list.pdf. Neuropsychiatric Symptoms in MCI and AD of MCI or dementia [1] . In population-based studies of MCI, elevated rates of depression (20%), apathy (15%), irritability (15%), agitation (11%), sleep disturbance (14%), anxiety (10%), hallucinations (1.3%) and other behavioral symptoms occur at intermediate frequencies between cognitively normal elderly and dementia patients [1] . The total neuropsychiatric burden typically increases over the course of AD; however, while symptoms such as apathy endure and are more prevalent in severe dementia, other symptoms such as irritability and anxiety may occur episodically over time [1] [2] [3] . The role of neuropsychiatric symptoms at the very earliest stages of AD, prior to significant cognitive impairment, is less well defined.
Neuropsychiatric rather than cognitive symptoms accompanying AD dementia have been shown to be the primary determinants of caregiver distress and the need for formal and informal care; furthermore, neuropsychiatric symptoms have cumulative effects on caregiver burden with increasing numbers of symptoms [4, 5] . These symptoms are associated with reduced quality of life for the caregiver and patient and heavily influence costs of care and the risk of institutionalization [6] [7] [8] [9] [10] . Although critical features of AD, neuropsychiatric symptoms are heterogeneous and have not been fully characterized with respect to their individual contribution to AD-related impairments and outcomes, particularly in the earlier stages of the disease spectrum. Only recently has it been suggested to formally integrate them into disease staging criteria along with cognitive and functional symptoms; in the new AD dementia criteria, behavioral changes can count toward the minimum of two clinical deficits, which previously included only cognitive changes [11] .
Particular attention has been directed at depression and apathy as early manifestations of AD symptomatology and as possible predictors of progression from MCI to dementia [12] [13] [14] . Apathy is the most common behavioral symptom in AD, occurring in 55% of dementia patients in the European Alzheimer's Disease Consortium study and present in 11-53% of MCI patients as shown by a recent systematic review [15] . Apathy has been associated with executive dysfunction in AD dementia [16, 17] . Apathy has also been associated with impairment in activities of daily living (ADL), which in turn has been associated with executive dysfunction in MCI and AD dementia [18, 19] . Other neuropsychiatric symptoms such as anxiety, agitation and delusions/hallucinations have also been examined as predictors of functional decline and markers of disease progression [3, 13, [20] [21] [22] [23] [24] .
The objective of this study was to investigate the relationship between individual neuropsychiatric symptoms and global functional impairment both cross-sectionally and longitudinally across a spectrum of older normal control (NC), MCI and mild AD dementia subjects in a large, well-defined population. We included the NC group because it represents an at-risk group that might be in the preclinical stage of AD. We then examined the relationship between neuropsychiatric symptoms and progression from NC to MCI and from MCI to AD dementia. We focused on individual neuropsychiatric symptoms rather than clusters of symptoms because at these early stages of AD, there are fewer neuropsychiatric symptoms and they might not cluster as clearly as they do later on in the disease. The analyses performed here accounted for various factors which have not always been controlled for in other studies. Those included diagnostic group, sex, age, duration of AD symptoms, apolipoprotein E ε4 (APOE4) carrier status, cognitive reserve, memory performance, processing speed and use of antidepressant medications. We hypothesized that greater individual neuropsychiatric symptoms at baseline, similarly to greater cognitive impairment at baseline, will be associated with proxies of disease severity and progression, including greater global functional impairment at baseline and over time and progression from a milder to a more impaired diagnosis.
Materials and Methods

Subjects
The data used in the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (www.loni.ucla.edu\ADNI) [25] . ADNI is a multicenter, natural history trial consisting of NC, amnestic MCI and mild AD dementia subjects followed with longitudinal periodic imaging of multiple modalities, blood and cerebrospinal fluid analyses and clinical and neuropsychological assessments. The primary goals of the ADNI include using these various assessments to measure the progression of MCI and mild AD dementia, determining the sensitivity and specificity of biomarkers in serving as surrogate outcome measures in treatment trials and reducing the time and cost of clinical trials. The ADNI is the result of efforts of many coinvestigators from a broad range of academic institutions and private corporations, and subjects have been recruited from over 50 sites across the USA and Canada.
The study population was thoroughly described in a previous report [19] . Eight hundred and twelve subjects from the ADNI study (diagnoses at baseline: 229 NC, 395 MCI, 188 AD dementia) underwent cognitive testing and behavioral assessments at baseline and up to 5 more times over a period of 3 years. At screening, subjects were aged 55-91 years (inclusive; NC subjects were aged 60-90 years), medically stable and had study partners able to provide collateral information. Also, subjects did not have significant neurological conditions (other than MCI or AD dementia), recent alcohol or substance abuse or active psychiatric diagnoses (such as major depressive disorder or bipolar disorder) at screening, as determined by the site investigator. Subjects were not significantly depressed (Geriatric Depression Scale [26] short form ≤5) and did not have significant cerebrovascular risk factors (Modified Hachinski Ischemic Score [27] ≤4).
The diagnostic group (NC, MCI or AD dementia) was determined by site investigators at screening and baseline visits. For this study, we used the diagnosis from baseline since that time point included extensive neuropsychiatric and neuropsychological data. As per the ADNI protocol, quantitative data, as well as more qualitative global assessments, were used by site investigators to assign subjects to diagnostic groups. Final diagnoses were based on the site investigator's clinical judgment. The diagnostic group criteria are detailed below.
At screening, NC subjects had a Clinical Dementia Rating (CDR) [28] global and memory box score of 0 and a MiniMental State Examination (MMSE) [29] score of 25-30 (inclusive). NC subjects had no significant impairment in individual cognitive domains. Moreover, they performed within 1.5 standard deviations of education-adjusted cutoff scores on the Logical Memory IIa (LM-IIa; delayed recall) of the Wechsler Memory Scale-Revised [30] (subjects with ≥16 years of education required an LM-IIa score >8; subjects with 8-15 years required LM-IIa >4; subjects with 0-7 years required LM-IIa >2).
MCI subjects met the following criteria for single-or multiple-domain amnestic MCI [31] : memory complaint by subject or study partner; objective memory impairment (1.5 standard deviations below education-adjusted cutoff scores on the LM-IIa of the Wechsler Memory Scale-Revised); essentially preserved instrumental ADL (this determination was based on a qualitative clinical assessment by each site investigator; a specific cutoff score on a test of ADL was not used to determine this), and not demented. At screening, MCI subjects had a global CDR score of 0.5, a CDR memory box score ≥0.5 and MMSE score of 24-30 (inclusive) .
AD dementia subjects met the National Institute of Neurologic and Communicative Disorders and Stroke and the AD and Related Disorders Association Work Group criteria for probable AD [32] with mild dementia severity. At screening, they had a global CDR score of 0.5 or 1, an MMSE of 20-26 (inclusive) and the same objective memory impairment scores as MCI subjects.
The ADNI study was approved by the local institutional review board of each participating site. Prior to performance of any study procedures, informed consent was obtained from all subjects and study partners.
Clinical Assessments
The Neuropsychiatric Inventory brief questionnaire form (NPI-Q) [33] was used to assess neuropsychiatric symptoms. The NPI-Q is an informant-based, well-validated questionnaire, used widely in the research setting, which consists of the following 12 items: delusions, hallucinations, agitation/aggression, depression/dysphoria, euphoria/elation, anxiety, apathy, disinhibition, irritability/lability, aberrant motor behaviors, sleep and appetite/eating disorder. The NPI-Q includes one question for each of the 12 items, which is answered either yes or no (indicating the presence or absence of the symptom) and if present rated for severity. Severity scores for each NPI-Q item were used as predictors of interest in the cross-sectional analysis of this study (higher scores indicate greater severity of the neuropsychiatric symptom; range 0-3). We did not have access to more specialized and in-depth assessments of each neuropsychiatric symptom, which might have made it possible to have a richer construct for each relevant symptom.
As indicated above, in our primary analyses we utilized the individual NPI-Q items because we wanted to determine if at the early stages of AD, particular neuropsychiatric symptoms rather than clusters of symptoms would be associated with proxies of disease severity and progression. We also performed a factor analysis using all 12 NPI-Q items, which yielded 2 factors (clusters), namely an Affective factor (consisting of disinhibition, apathy, irritability, agitation, appetite, euphoria, anxiety and depression) and a Psychotic factor (consisting of hallucinations, delusions, sleep and aberrant motor behaviors). The Affective factor was significantly correlated with apathy severity (r = 0.64, p < 0.0001) and anxiety severity (r = 0.51, p < 0.0001), while the Psychotic factor was significantly correlated with hallucination severity (r = 0.70, p < 0.0001) and anxiety severity (r = 0.47, p < 0.0001). The Affective factor was also significantly correlated with the Psychotic factor (r = 0.26, p < 0.0001). These factors were used in subsequent analyses.
The CDR [28] was used to assess global functional impairment at baseline and global functional decline over time. The CDR is an informant-and subject-based scale which is well validated and widely used in research and clinical practice. The CDR assesses the following 6 domains: memory, orientation, judgment and problem solving, community affairs, home and hobbies, and personal care. A global score of 0-3 and sum of boxes (SB) score of 0-18 are generated from the scale. The CDR-SB was used as the dependent variable in most of the analyses in this study (higher scores indicate greater impairment; range 0-18).
The following cognitive scales were also used for this study, either for inclusion criteria as noted above or as predictors serving as covariates in the various analyses. The MMSE was used to assess global cognitive function (range 0-30; lower scores on the MMSE indicate greater cognitive impairment). The Rey Auditory Verbal Learning Test (RAVLT) [34] assesses episodic memory performance (the Total Learning score for words recalled over 5 learning trials was used in this analysis; range 0-75; lower scores on the RAVLT indicate greater memory impairment). The Wechsler Adult Intelligence Scale-Revised Digit Symbol subtest [35] assesses processing speed, visual scanning and complex attention (possible range 0-110; in the current analyses, the highest score was 80; lower scores on Digit Symbol indicate greater impairment). In a previous analysis of the ADNI database, we found that the Digit Symbol subtest was a more robust measure than the more traditional executive function measure of the Trail Making Test B, which had a narrower range of scores and was not as normally distributed [19] . The American National Adult Reading Test (AMNART) intelligence quotient (IQ) [36] provides an estimate of premorbid Neuropsychiatric Symptoms in MCI and AD verbal intelligence and serves as a proxy of cognitive reserve (an error score was converted into an IQ score; IQ score range 74-132; higher AMNART IQ scores indicate a higher level of premorbid intelligence). We used AMNART IQ rather than education in our analyses because in this sample, as in many others, males had more years of education than females (t = 5.2, p < 0.0001), while both had the same AMNART IQ score (t = -0.9, p = 0.39). Therefore, by using AMNART IQ we avoided the confounding association with sex.
APOE4 carrier status was determined and reported as one of the following three designations: noncarrier, heterozygous carrier or homozygous carrier. Psychotropic medication use (dichotomous, i.e. present/absent) at baseline was also assessed, including the following five medication categories: antidepressants (present for 20.7% of subjects), anxiolytics (1.4%), mood stabilizers (0.1%), antipsychotics (0.4%) and sleeping agents (1.2%). Only antidepressant use was included as a predictor in the analyses because the rest of the medications were used at extremely low frequencies. Duration of AD symptoms (in years) was available only for subjects in the mild AD dementia diagnostic group at study entry and was included as a predictor. It was set to 0 for NC and MCI subjects in order to include them in analyses involving duration as a predictor/covariate, and therefore it is interpreted as an estimate of only the duration of illness subsequently clinically diagnosed as AD dementia.
Statistical Analyses
All analyses in this study were carried out using SAS Version 9.2 and SPSS Version 20. Associations among diagnostic groups, demographic variables and covariates were evaluated using the χ 2 test for categorical variables and analysis of variance with Bonferroni correction for continuous variables.
Cross-Sectional Analysis A general linear regression model approach was employed for our cross-sectional analysis (using the SAS GLM and GLMSelect procedures) with backward elimination of predictors using a p < 0.01 retention requirement (a cutoff of 0.05 was considered too liberal given that a series of significance tests would be applied before arriving at the final retained model).
Residuals from the final model were examined graphically to ensure that their distributions reasonably satisfied model assumptions of normality and homoscedasticity. Given the large sample sizes in this study, it was possible for effects of small substantive or clinical importance to be statistically significant. Therefore, reported significance test results were complemented with effect size estimates such as partial regression coefficient estimates (t) and confidence intervals (CIs) thereof, estimates of percent variance accounted for in the dependent variable by the model as a whole and the portion of this variance uniquely accounted for by each predictor term individually (adjusting for the other predictors).
The dependent variable for this model was CDR-SB. The predictors included the 12 NPI-Q items and the interaction of each item with diagnosis, diagnosis and sex main effects and their interaction, age (linear and quadratic effects), duration of AD symptoms, APOE4 carrier status, AMNART IQ, RAVLT Total Learning score, Digit Symbol score and antidepressant use. The inclusion of the interaction of NPI-Q items with diagnosis allowed us to test for any differential relation of any given NPI-Q item to CDR-SB across diagnostic groups. Should the interaction be significant, a test of the same relation could be followed up separately within each group, with these multiple p values 'protected' by the required significant preliminary omnibus interaction. On the other hand, if the interaction is eliminated as nonsignificant, a then presumably homogeneous within-group relation (or lack of same) of NPI-Q item to CDR-SB would be tested for significance, pooling strength and power from across all groups.
Longitudinal Analyses: Mixed Effects Model A mixed random and fixed coefficient regression model was employed (using the SAS Mixed procedure) for our longitudinal analyses in order to ascertain the effects of the predictors on the trajectory of change across time in the dependent variable, as previously described [37] . A backward elimination procedure (using a cutoff of p = 0.05) was used on a large initial pool of fixed predictors and variances/covariances of random terms. In this analysis, time in the study (in years) was the only predictor modeled as both random and fixed. An intercept and linear slope term for time was analyzed with no nonlinear terms because the relatively few observations across time per subject did not readily permit polynomial or other nonlinear terms. The random intercept and slope were allowed to freely correlate. With respect to fixed predictors, the baseline score for the dependent variable was removed from the dependent variable side of the prediction equation, and both it and its interaction with time were included as predictors in order to adjust for differences in level and trajectory over time of the dependent variable due to different baseline starting points. Residuals with respect to fixed and both random as well as fixed predictors from the final retained model were examined graphically to ensure that assumptions of normality and homoscedasticity of their distribution were reasonably satisfied. The squared correlations of predicted values from fixed and random predictor sets versus actual values were also used to indicate the percent of variance of the dependent variable linearly accounted for by the predictors.
Longitudinal CDR-SB was the dependent variable. The fixed predictors included baseline NPI-Q items (informed by the results of the cross-sectional analysis; items included were hallucinations, anxiety and apathy) and their interaction with time, as well as the covariates used in the cross-sectional analysis, and the baseline dependent variable and its interaction with time. The random predictors included correlated intercepts and linear slopes of time.
This analysis was repeated with the Affective factor and Psychotic factor instead of the individual NPI-Q items.
Longitudinal Analyses: Cox Proportional Hazards Model A Cox proportional hazards model was employed to test for prediction of time to change in diagnosis from a baseline of MCI to an endpoint of AD dementia. We employed a separate analogous analysis where the baseline diagnosis was NC and the endpoint was MCI. Only data for subjects whose earliest diagnosis was the baseline diagnosis of interest were included in a given analysis. A small number of subjects (13) showing a change from a more impaired diagnosis, MCI, to one less so, NC, were excluded from the primary analyses. The MCI to AD dementia progression analysis was later repeated including these 13 subjects, treated for the purposes of the analysis as stable MCI subjects, in order to make sure that the results were not substantially different. Occasional diagnosis instability or reversion is typical of this sort of MCI population. Subjects who remained stable at the specified baseline diagnosis were treated in the analysis as 'censored' observations, and the partial information they provided on time to change in diagnosis was used. Graphical and numerical checks on the assumption of proportional hazards were verified for all analyses. Where there was evidence of possible violation of the assumption, an additional nonparametric survival analysis was employed to verify and clarify the finding. Predictors were tested in a backward elimination algorithm with a cutoff for remaining in the model of p ≤ 0.05 (some marginal effects were allowed in). Backward elimination was used starting with baseline apathy, baseline anxiety, age, AMNART IQ, sex, APOE4 carrier status, Digit Symbol, RAVLT Total Learning and antidepressant use. Hallucinations were pre-excluded because all but one of the values for hallucinations were 0 across the sample of NC and MCI subjects.
This analysis was repeated with the Affective factor and Psychotic factor instead of the individual NPI-Q items. Table 1 displays demographic and clinical data for all subjects in the three diagnostic groups. There were significant differences in AMNART-IQ, MMSE, RAVLT Total Learning, Digit Symbol, CDR-SB, APOE4 carrier status and antidepressant medication use between the NC, MCI and AD dementia groups. The NC and AD dementia groups had a significantly smaller proportion of males than the MCI group did. Mean years of education for the NC and MCI groups were significantly higher than for the AD dementia group. Table 2 displays the presence (percent) of each of the 12 NPI-Q items for all subjects in the three diagnostic groups. The most common neuropsychiatric symptoms across all subjects were irritability, depression, anxiety, agitation, apathy and sleep, while the least common symptoms were hallucinations, euphoria and delusions. There were significant differences in depression, anxiety, apathy, disinhibition, irritability and appetite between the NC, MCI and AD dementia groups. The NC and MCI groups had significantly fewer symptoms of delusions, hallucinations, aberrant motor behaviors and sleep when compared to the AD dementia group.
Results
Cross-Sectional Analysis: General Linear Model
In the general linear regression model for all subjects, after backward elimination, greater hallucinations, anxiety and apathy severity were individually significantly associated with greater CDR-SB, representing global functional impairment (hallucinations: p < 0.0001; apathy: p < 0.0001; anxiety: p < 0.0001; table 3; fig. 1, 2) . The other NPI-Q items were not significantly associated with CDR-SB. Covariates that were significantly associated with CDR-SB were diagnostic group, sex (females > . None of the interactions of diagnostic group with NPI-Q items were significant, indicating that the relation of hallucinations, anxiety and apathy to CDR-SB was not conditional on the diagnostic group. The diagnostic group uniquely accounted for 11% of the total variance in CDR-SB, while all the other significant predictors each individually accounted for 1% or less of the total variance. Residual distributions reasonably conformed to model assumptions and indicated good model fit.
Longitudinal Analyses: Mixed Effects Model
Informed by the results of the cross-sectional analysis above, we assessed the longitudinal relationship between the significant NPI-Q items (hallucinations, anxiety and apathy) and CDR-SB. In the mixed random and fixed coefficient longitudinal regression model for all subjects, after backward elimination, greater baseline hallucinations and apathy severity were significantly associated with a greater rate of increase in CDR-SB over time (hallucinations: p < 0.0001; apathy: p = 0.04; table 4; fig. 3,  4) . Additional significant fixed effect predictors were interaction of baseline CDR-SB with time and interaction of diagnosis with time, age, RAVLT Total Learning and Digit Symbol (all in expected directions; R 2 = 0.69, p < 0.0001 for overall model fixed effects; R 2 = 0.94 including random terms, p < 0.0001; table 4). There was significant random variation in slope and intercepts of time trajectories across subjects and no correlation between the two.
When using the Affective factor and Psychotic factor instead of the individual NPI-Q items, we found that a greater baseline Psychotic factor score was significantly associated with a greater rate of increase in CDR-SB over time (p < 0.0001). Additional significant fixed effect predictors were interaction of baseline CDR-SB with time and interaction of diagnosis with time, RAVLT Total Learning, Digit Symbol, Affective factor and age (all in expected directions; R 2 = 0.69, p < 0.0001 for overall model fixed effects; R 2 = 0.94 including random terms, p < 0.0001).
Longitudinal Analyses: Cox Proportional Hazards Model
Eleven out of 223 subjects (4.9%) with a baseline diagnosis of NC progressed to a diagnosis of MCI over the 3-year follow-up period (212 subjects were censored). One hundred and fifty-six out of 365 subjects (42.7%) with a baseline diagnosis of MCI progressed to a diagnosis of AD dementia over the 3-year follow-up period (209 subjects were censored).
MCI to AD Dementia Progression Predicted with NPI-Q Items
Greater baseline anxiety showed greater hazard for change from MCI to AD dementia [hazard ratio (HR) = 1.33, 95% CI 1.03-1.68; p = 0.02; fig. 5 ].
Here the hazard rate is the probability of changing to the more impaired diagnosis at a given time among those who have not already done so. The hazard ratio is the ratio of this rate relative to the rate for a stated reference level or for a change in a given predictor of 1 unit or an otherwise specified number of units.
Other predictors showed significant effects as well; hazard increased with a greater number of APOE4 alleles (HR = 1.58, 95% CI 1.26-1.97; p < 0.0001) and lower baseline scores on Digit Symbol (HR = 0.98, 95% CI 0.96-0.99; p = 0.003) and RAVLT Total Learning (HR = 0.92, 95% CI 0.90-0.94; p < 0.0001), and females showed greater hazard than males (HR = 1.74, 95% CI 1.25-2.42; p = 0.001).
This analysis was repeated after including the 13 subjects who improved from MCI to NC, treated as stable MCI subjects for purposes of the analysis, and the results were virtually the same (data not shown).
When using the Affective factor and Psychotic factor instead of the individual NPI-Q items, we found the fol- lowing: a greater baseline Psychotic factor score showed greater hazard for change from MCI to AD dementia (HR = 1.53, 95% CI 1.19-1.91; p = 0.0003). Other predictors showed significant effects as well, i.e. sex (females > males), APOE4 carrier status, RAVLT Total Learning and Digit Symbol (all in expected directions).
NC to MCI Progression Predicted with NPI-Q Items
None of the neuropsychiatric symptoms were retained in the final model. Only one significant predictor was retained, namely baseline Digit Symbol, with lower scores associated with greater hazard for change from NC to MCI (HR = 0.93, 95% CI 0.87-0.99; p = 0.02).
Discussion
Individual and cumulative neuropsychiatric symptoms impose a heavy caregiver burden in MCI and AD dementia and, along with impairments in ADL, are major causes of nursing home placement [5, 9, 10, 23] . The results of the current study suggest that hallucinations, apathy and anxiety, but no other neuropsychiatric symptoms assessed at baseline, are associated with greater baseline global functional impairment across the continuum of AD. This adds to prior research identifying neuropsychiatric symptoms, among others, as cross-sectionally related to global functional impairment [20] . Observing this relationship, independent of diagnosis, age, sex, duration of AD symptoms, premorbid intelligence, APOE4 carrier status, memory performance, processing speed and psychotropic medication use, in a large, well-characterized cohort builds on prior findings and suggests that these three neuropsychiatric symptoms, in particular, are especially important and useful when exploring proxies of global functioning in AD.
The findings of this study are consistent with the findings of a large cross-sectional nationally representative cohort study [20] with subjects ranging from conditions of normal cognition to severe dementia, in which 'Percent variance total' represents the percentage of total variance of CDR-SB uniquely associated with the indicated predictor (unbiased population estimate). 'Percent variance partial' represents the percentage of variance of CDR-SB, with the portion associated with other predictors previously removed, which is uniquely associated with the indicated predictor (unbiased population estimate). β = Partial unstandardized regression coefficient estimate.Neuropsychiatric Symptoms in MCI and AD investigators found that clinically significant depression was associated with greater basic and instrumental ADL impairment, anxiety and aberrant motor behaviors were associated with greater instrumental ADL impairment, and hallucinations and apathy showed a trend toward greater basic ADL impairment; that study also showed that the presence of 3 or more neuropsychiatric symptoms or 1 neuropsychiatric symptom scored as clinically significant, while controlling for covariates including diagnostic group, was associated with greater basic and instrumental ADL impairment [20] . These data highlight both the cumulative and individual effects of neuropsychiatric symptoms such as depression, anxiety, aberrant motor behavior and, to a lesser extent, hallucinations and apathy on functional impairment.
Building on these cross-sectional results, we sought to determine if baseline individual neuropsychiatric symptoms are related to longitudinal change in global functional impairment. We found that increased hallucinations and apathy at baseline were each significantly associated with worsening global functional impairment over time across the AD spectrum, independent of many potential confounders. This is consistent with other longitudinal analyses, which have also shown an association between hallucinations and global functional decline [23, 24, 38] . Although Tschanz et al. [3] found only weak correlations between total NPI score and CDR-SB score, they suggest that global scores may have obscured specific neuropsychiatric symptom and clinical correlations; in addition, their findings reinforced the increasing prevalence and persistence of apathy into late-stage dementia.
As such, we chose to focus on individual neuropsychiatric symptoms in order to determine their relationship with proxies of disease progression, such as longitudinal CDR-SB. Moreover, since our study population consisted of the early AD spectrum in which neuropsychiatric symptom prevalence and severity are lower, we did not want to obscure the potential importance of individual symptoms by solely reporting an association with total NPI-Q score or clusters of symptoms. Consistent with our findings of an association between hallucinations and global functional decline over time, an early prospective study of 177 individuals with probable or possible AD showed accelerated cognitive decline in a subgroup of 30 subjects with visual or auditory hallucinations independent of baseline cognitive function and neuroleptic exposure [39] . Subsequently, a large multicenter prospective cohort of subjects with early AD followed for 4.5 years demonstrated increased risk of cognitive and functional decline with the presence of both delusions and hallucinations and elevated risks of institutionalization and death associated with halluci- nations [23] . The same group later found that disruptive behavior in AD was also associated with increased risk of cognitive and functional decline and institutionalization [22] . These and other studies have also highlighted hallucinations as a poor prognostic factor in AD [24, 40] .
A few studies have looked for localization of hallucinations separate from delusions in the brain of patients with AD dementia and have found an association with left dorsolateral prefrontal, right parietal and left medial temporal hypoperfusion and occipital atrophy [41, 42] . These associations suggest a specific neurodegenerative process disrupting the neural system when hallucinations manifest in AD.
A 2-year longitudinal study of subjects with mild to moderate AD dementia demonstrated an increased risk of basic ADL decline in subjects characterized as having an affective syndrome (anxiety and depression) and an increased risk of cognitive decline with a manic syndrome (euphoria and disinhibition) [21] . These results are different from our findings, but our study focused on the CDR-SB as the dependent variable, which combines cognitive and ADL items, examined individual neuropsychiatric symptoms rather than syndromes and consisted of subjects across the AD spectrum, earlier on, from NC to mild AD dementia.
A 3-year prospective study of MCI outpatients demonstrated a 7-fold increased risk of progression to AD dementia with elevated scores on apathy measures but no increased risk in patients with symptoms of depression [14] . Here, we show an association between greater baseline apathy and worsening global functioning. Apathy has been associated with reduced activity (hypoperfusion or hypometabolism suggesting synaptic dysfunction) in the anterior cingulate, orbitofrontal and right temporoparietal cortices in AD dementia [43] [44] [45] [46] [47] . Similarly, downstream disease manifestations, including increased neurofibrillary tangle burden in the anterior cingulate at postmortem, increased cerebrospinal fluid total and phospho-tau, and medial frontal atrophy visualized with structural magnetic resonance imaging, have been associated with greater apathy in AD dementia [48] [49] [50] . These findings, reproduced in several modalities, demonstrate a specific neurodegenerative process disrupting a neural circuit involving the medial frontal regions and further strengthen the evidence for apathy being as intrinsic to AD as are cognitive and functional decline.
Although the overall effects of neuropsychiatric symptoms in our longitudinal model were small when compared to other predictors, such as diagnostic group, they were significant independent of diagnostic group, cognitive impairment and common demographic predictors. Therefore, the clinical implication of our findings is that older individuals experiencing the neuropsychiatric symptoms of apathy or hallucinations at baseline, even prior to developing mild dementia, should be monitored closely as they have a greater likelihood of future global functional impairment than those not experiencing either or both of these neuropsychiatric symptoms.
We further sought to determine whether neuropsychiatric symptoms had the ability to predict disease progression, specifically progression from NC to MCI and from MCI to AD dementia. Over a period of 3 years, a little over 40% of MCI subjects progressed to AD dementia, consistent with prior studies of amnestic MCI [51, 52] . Furthermore, we found that increased anxiety at baseline was associated with increased hazard of progression from MCI to AD dementia, again independent of many potential confounders. These results suggest that individuals with anxiety at baseline are likely to decline faster and progress to dementia compared to those without anxiety. This finding is in agreement with other studies demonstrating that anxiety is a risk factor for progression from MCI to dementia. The role of anxiety as an earlystage behavioral symptom in AD was investigated in a 3-year population-based study of 47 elderly participants with MCI; the study found that anxiety, but not depressive symptoms, was strongly predictive of progression to The symbol × indicates an interaction. β = Partial regression coefficient estimate. dementia, with a doubling of risk for increased anxiety symptoms [13] .
Unlike previous reports [14] , we did not see an association between increased apathy at baseline and progression from MCI to AD dementia. These results also do not align with our longitudinal assessment of global functional impairment, which did show an association with apathy. It is unclear why different neuropsychiatric symptoms were associated with disease progression assessed by change in diagnosis over time as opposed to global functional decline over time. It is possible that the sample population and sample size may have accounted for these findings; the Cox proportional hazards model only included MCI subjects, while the longitudinal mixed effects model included NC and AD dementia subjects as well. Moreover, although the previous study quoted [14] accounted for many of the same covariates our study did, we had nearly 3 times as many subjects. Our Cox proportional hazards findings further confirmed previous reports that having one or more APOE4 allele, greater memory impairment or slower processing speed at baseline increased the risk of progression from MCI to AD dementia [51, 53, 54] .
We did not see a significant association between individual neuropsychiatric symptoms and progression from NC to MCI. This is likely due to the very small number of subjects who progressed to MCI (5%) and the low frequency of baseline neuropsychiatric symptoms in our NC subjects. A longer follow-up period and/or an assessment of an increase in neuropsychiatric symptoms over Interestingly, hallucinations, which were the least common neuropsychiatric symptom in this sample (occurring in 1.5% of subjects), were significantly associated with greater global functional impairment cross-sectionally and longitudinally, while other common neuropsychiatric symptoms were not. For example, the two most common neuropsychiatric symptoms in the cohort, irritability (occurring in 24% of subjects) and depression (19%), were not significantly associated with global functional impairment. This is reflected in prior studies showing an inconsistent association between depression and progression from MCI to dementia despite its high prevalence [13, 14, [55] [56] [57] . Another consideration is that although hallucinations are rare, they represent a likely sign of neurodegenerative disease in the elderly in the absence of confounding conditions such as significant cerebrovascular disease, infections or medication side effects. On the other hand, depression and irritability, which are common in the elderly, may not be as specific to neurodegeneration.
Prior studies have performed factor analyses to define neuropsychiatric symptom clusters, which may reflect shared pathophysiology or underlying regional brain changes [15, 58] . These studies looked at individuals at the stage of dementia, while our study included less impaired individuals. For that reason, in our main analyses we used individual neuropsychiatric symptoms. However, we subsequently performed a factor analysis of the 12 NPI-Q items and came up with 2 factors (clusters of symptoms), an Affective factor and a Psychotic factor. Prior studies have reported more factors (up to 5), again possibly because of a more impaired population with better defined and more severe neuropsychiatric syndromes [15, 58] . We then repeated our longitudinal analyses using the factors instead of the individual neuropsychiatric symptoms. The Psychotic factor, but not the Affective factor, was significantly associated with disease progression (worsening CDR-SB over time and progression from MCI to AD dementia). These results were a little different from our original results using the individual neuropsychiatric symptoms. The Psychotic factor strongly correlated with hallucinations, and therefore it is not surprising that similar to the model employing hallucinations, it showed a significant association with CDR-SB over time. While the Affective factor had a strong correlation with apathy, it was composed of many more neuropsychiatric symptoms, none of which (with the exception of anxiety) were associated with CDR-SB in the original analyses, which could have led to a weaker association of the Affective factor with CDR-SB over time. Moreover, the association of apathy with CDR-SB over time was not as strong as that of hallucinations, again potentially leading to a weaker association of the Affective factor with CDR-SB over time. Finally, in the original model predicting progression from MCI to AD dementia, anxiety was associated with progression, while in the new model using the factors, the Psychotic factor was associated with progression. Even though the Psychotic factor did not include anxiety, it was correlated with it. Moreover, anxiety did load onto the Psychotic factor but not as strongly as it did onto the Affective factor, which led to anxiety ultimately being a part of the Affective factor. Therefore, it is possible that shared variance between anxiety and the Psychotic factor was contributing to the association with progression from MCI to AD dementia.
There were several limitations to this study. Firstly, the ADNI screening protocol was very selective and excluded subjects with active primary psychiatric disorders, which often co-occur with MCI and AD dementia, and therefore limited the prevalence of many neuropsychiatric symptoms. Moreover, the AD dementia group was only mildly impaired at baseline (MMSE 23.3 ± 2.0), further reducing the occurrence and severity of neuropsychiatric symptoms. Thus, this sample might not be highly representative of patients in clinical practice. That said, this study population provided us with a unique opportunity to longitudinally study neuropsychiatric symptoms in the early AD spectrum, which has not been done as much in the literature and follows a recent trend in the AD field to move toward earlier diagnosis. Secondly, the average years of education (15.5 ± 3.1) and AMNART IQ score (117.2 ± 11.6), representing premorbid intelligence, indicate that this sample is more educated than the average population, again reducing the generalizability of the study. However, we controlled for AMNART IQ scores in all of our analyses. Moreover, while this is a highly selected and carefully characterized population, it does represent the population typically seen in clinical trials in the AD spectrum. Therefore, these results can be reliably related to such a setting and provide further evidence for the importance of assessing neuropsychiatric symptoms in clinical trials. Thirdly, the NPI-Q was the only available scale in the ADNI database that examined multiple neuropsychiatric symptoms. This scale uses one question to assess the presence or absence of each symptom, which is followed by a severity rating. There are other more specialized and comprehensive scales used in the assessment of individual neuropsychiatric symptoms or syndromes, which can provide richer and potentially more valid information. However, the NPI-Q has been used widely in clinical trials and can be useful as a quick screening test clinically. Fourthly, we did not account for use of approved AD medications, such as cholinesterase inhibitors, and it is likely that many of the AD dementia subjects and some of the MCI subjects were taking such medications. On the other hand, we did account for the use of common psychiatric medications; antidepressant use was noted in about 1 out of every 5 subjects and was included as a covariate, while other psychiatric medications were used by less than 2% of subjects and therefore were not included as covariates. Fifthly, some of the effects are significant but do not have large effect sizes as reflected by the percent variance accounted for by some of the individual predictors and the partial regression coefficients. This is due to the large sample size of this study, which allows small effects to remain significant. We therefore reported estimates of effect size where possible. Finally, a possible limitation is the focus on individual neuropsychiatric symptoms rather than neuropsychiatric symptom clusters or syndromes, as has been used by some groups, because certain neuropsychiatric symptoms may be highly intercorrelated in AD dementia. However, most recent studies examining functional outcomes have continued to use individual neuropsychiatric symptoms as predictor variables, as we did in the main analyses of our study [3, 20, 23, 24] . This approach allows for more direct comparisons between studies until a clear consensus emerges regarding the distribution and number of neuropsychiatric symptoms which belong within each cluster. Therefore, we wanted to take advantage of this large, longitudinal dataset with a range of disease severity across the AD spectrum to determine which individual neuropsychiatric symptoms drive global functional decline over time. We then performed a factor analysis and looked at clusters of symptoms reproducing some but not all of our results, further justifying our emphasis on individual neuropsychiatric symptoms in our mildly impaired study population.
In conclusion, the neuropsychiatric symptoms of apathy and hallucinations were associated with current and future global functional impairment in our sample of NC, MCI and mild AD dementia subjects. Future studies incorporating imaging and cerebrospinal fluid biomarkers may serve to elucidate the underlying pathophysiology associated with these symptoms.
